The spontaneous electroluminescence emission of InAs light-emitting diodes ͑LEDs͒ operating at 3.3 m was studied as a function of applied hydrostatic pressure. An enhancement of a factor of almost four in radiative efficiency at room temperature was observed in the range 0 to 10 kbar. Analysis of the dependence of electroluminescence emission intensity on hydrostatic pressure at constant current reveals that nonradiative Auger recombination dominates the quantum efficiency of these LEDs. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1555276͔
InAs-based light-emitting diodes ͑LEDs͒ operating in the 2-5 m spectral region have great potential as the basis of key components in the next generation of optical gas sensors. 1 However, their external quantum efficiency at room temperature is low ͑Ͻ0.5%͒ and consequently, new midinfrared analytical and sensor techniques remain predominantly laboratory bound. The principal challenges for efficient room-temperature operation are to reduce nonradiative Shockley-Read and Auger recombination processes, which spoil the internal efficiency, and then to improve optical outcoupling of the generated light.
The application of hydrostatic pressure has been extensively used as an investigative tool to study the internal efficiency and recombination mechanisms that occur in optoelectronic devices. 2 The major advantage of high-pressure investigations is that they enable nondestructive and reversible variation of the semiconductor band gap, which yields information about radiative and nonradiative recombination rates. We note that although hydrostatic pressure has been extensively used to study semiconductor LEDs and laser structures, the performance of mid-infrared LEDs subjected to high pressure has not previously been investigated. In this letter, we report on the influence of applied hydrostatic pressure ͑up to 10 kbar͒ on 3.3 m mid-infrared InAs LEDs operating at room temperature, using He gas as the pressure medium.
The 3.3 m LEDs for this investigation were grown on InAs substrates by liquid-phase epitaxy ͑LPE͒, using a conventional horizontal sliding boat in ultrapure hydrogen. The devices were of a double-heterostructure design in which the unintentionally doped n-InAs active layer was enclosed between p-and n-InAsSbP confinement layers. The P content in the confinement layer was 0.40 (E g ϭ570 meV) to provide a higher band-gap energy and large interface band offsets for good carrier confinement. The InAs active region was 0.7 m thick (E g ϭ354 meV, under ambient conditions͒. The resulting samples were processed into mesaetched LEDs using standard photolithographic techniques. Fabrication details and device characteristics when operating under ambient conditions have been published previously elsewhere. 3 The InAs/InAsSbP double heterostructure exhibits type-II behavior and although it does not contain any quantum wells, band bending at the heterostructure interface leads to some confinement of the carriers in electron-hole quasiquantum wells located on either side of the interface. This affords the possibility of reduced Auger recombination under ambient conditions since the electron-hole wavefunction overlap is reduced. The application of hydrostatic pressure can give information on the relative significance of the different recombination mechanisms that are sensitive to changes in the band gap, as shown below. Under ambient conditions (Tϭ298 K, Pϭ1 atm), the LEDs exhibited electroluminescence with a peak wavelength of 3.3 m 3 . Lightcurrent characteristics were measured for several LEDs as a function of hydrostatic pressure using 10 s current pulses of up to 140 mA at a frequency of 5 kHz ͑corresponding to a duty cycle of 5%͒. After passing through the pressure cell window, the radiation was collected using a cooled ͑77 K͒ InSb detector and a lock-in amplifier. Note that the emission was viewed through the n-type ͑top͒ side of the LED, which was 300 m in diameter and had a ring-like contact. This allows us to neglect intervalence band absorption in the following interpretation, as this process only occurs in p-type layers. Figure 1 shows a plot of the integrated spontaneous electroluminescence (L spon ), corrected for detector response, against current in the pressure range 0 to 9.4 kbar for one of the 3.3-m LED samples. We observed a significant increase in radiative efficiency as a function of hydrostatic pressure. Figure 2 shows that for two different devices, the light output at constant current ͑140 mA͒ increased by a factor of 3.74 over the range from 0 to 9.4 kbar. We can give a qualitative interpretation of this in terms of the relative contribution of the radiative and Auger recombination mechanisms in our LEDs. 
where I leak is the leakage current, e is the electron charge, d eff is the effective width of the active region where the radiative recombination occurs, n is the carrier density, and A, B, and C are the usual recombination coefficients for ShockleyRead-Hall ͑SRH͒, radiative, and Auger recombination, respectively. Due to device geometry ͑ring contact with relatively large contact area͒, we assume that the I leak term is mainly due to electron and/or hole leakage over the heterojunction barriers. However due to the large InAsSbP/InAs band offsets and due to the fact that no light emission was observed corresponding to the bulk band gaps of InAs and InAsSbP 3 we believe that I leak is insignificant under ambient conditions. Furthermore, since the bands are expected to behave similarly in these materials under applied pressure, the leakage may be considered as constant. For example, we estimate that the corrections to the electron and hole band offsets induced by a pressure of 9.4 kbar are only 4 and 1 meV, respectively. We therefore assume that I leak is independent of pressure. Furthermore, the devices studied here were produced using a rare-earth gettering technique, 4 which reduces the residual doping in the active region to Ͻ5ϫ10 15 and hence we may regard the associated SRH recombination ͓An term in Eq. ͑1͔͒ as insignificant at room temperature ͑previous experiments also support this conclusion 1, 3 ͒. In any case, the capture cross section for recombination through defects or impurities is almost independent of pressure. Therefore, it is clear from the large change in electroluminescence with applied pressure which we observed, that neither leakage nor SRH recombination can be the dominant mechanism in these devices. We may assume that at constant current the sum of the radiative and Auger terms in Eq. ͑1͒ is pressure independent:
The measured integrated spontaneous emission is proportional to LϰBn 2 and increases by a factor of 3.74 when P is increased from 0 to 9.4 kbar. From Eq. ͑2͒ we estimate that the contribution of radiative recombination I rad ϭed eff Bn 2 to the current density at zero pressure is less than 27%, which means that Auger recombination is the dominant process in these LEDs.
Type-II heterostructures have two important channels for Auger recombination; conduction-heavy-hole-band to conduction-conduction-band ͑CHCC͒ and conductionheavy-hole to heavy-hole-split-off-band ͑CHHS͒.
5 Simple analytical expressions can be used to understand how these processes vary with band gap. The band-to-band Auger process can be expressed as a thermally activated process given by 6 
CϭC
where C 0 is approximately independent of temperature and pressure, but includes terms due to the Coulomb interaction between initial and final Auger states. The main pressure dependence of the Auger activation energy (⌬E ␣ ) for the direct Auger recombination processes CHCC and CHHS is due to the band-gap dependence of ⌬E ␣ and is given by 6 ⌬E ␣ ͑ CHCC͒ϭ m e E g ͑ m e ϩm h ͒ ,
where m e (0.023m o ), m h (0.41m o ), and m so (0.16m o ) are the electron, hole, and spin-orbit effective mass, respectively ͑the values within the parentheses are the effective masses of InAs under ambient conditions used in the calculations͒. ⌬ so is the spin-orbit split-off energy. The electron and spin-orbit effective masses increase approximately proportionally with increasing pressure, while the hole effective mass is relatively independent of pressure. 2 From Eqs. ͑3͒ and ͑4͒, it can be seen that the Auger coefficient significantly reduces with increasing E g and hence with increasing pressure (‫ץ‬E g ‫ץ/‬ P for InAs is 10 meV/kbar 7 
͒.
Although in the InAs active region, the band gap and the spin-orbit band gap are nearly equal, experimentally we do not observe any resonant behavior in the light output as a function of applied hydrostatic pressure, as suggested by Eq. Fig. 1͒ . Consequently, we believe that over the full pressure range, the CHCC process is more dominant.
͑4͒ ͑see
We performed a similar experiment on doubleheterostructure type-I LEDs, which were also fabricated in our laboratory by LPE. 3 These LEDs had an InAs 0.95 Sb 0.05 active region and operated at 3.8 m at room temperature. The results are compared in Fig. 3 for a constant injection current of 140 mA in both cases. There is clearly a much larger increase in electroluminescence from the type-II LED compared with the type-I LED. The 3.7 increase in the radiative efficiency of the type-II LED compared to 1.7 in the case of the type-I is experimental indication that Auger processes are more important for the type-II LED compared to the type-I LED. However, it is well known that a type-II structure reduces the overlap between electron and hole wavefunction since the carriers are delocalized. This should result in a reduction of the Auger coefficient C in type-II structures compared to type I. However, our results indicate stronger Auger suppression with applied pressure for type-II rather than type-I structures. However, the effective width of the recombination zone within the active region of the type-II LED, (d eff ) is significantly smaller. Because of type-II band edge alignment, the injected carriers become localized near the interface, and the electrons and holes must tunnel through potential barriers to the left/right of the confinement regions before recombining with each other. Therefore, the value of d eff is essentially determined by these tunneling distances, and we estimate a value of d eff ϳ150 Å. We suppose that, although type-II recombination across the InAs/InAsSbP interface reduced the Auger coefficient C, the injected carrier concentration is actually greater than that found in the type-I LED due to the small recombination volume localized near the interface. As Auger processes are strongly dependent on injected carrier concentration ͑in-crease as n 3 ), the net result is an overall increase in the Auger rate (Cn 3 ). We may then correctly interpret the stronger increase in the light output as a function of pressure for the type-II LED compared to the type-I LED as being associated with Auger suppression.
Finally, in type-II quantum wells, we find from theory that the radiative and Auger recombination coefficients depend on the band gap as BϰE g 2 and CϰE g Ϫ5. 5 , respectively, and that ͑at zero applied pressure͒ Bϭ10 Ϫ10 cm 3 /s and C ϭ8ϫ10 Ϫ27 cm 6 /s. 7 This gives the radiative contribution to the current density as 14% at Pϭ0 and 40% at P ϭ9.4 kbar. Simple estimates predict an increase of about 2.85 in light output when the pressure is increased from 0 to 9.4 kbar at constant current (Iϭ140 mA). This is approximately in agreement with the value of 3.74 obtained experimentally. More detailed calculations and pressure measurements on other LEDs emitting between 2-5 m are in progress.
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